Ship emissions lead to significantly enhanced air pollution by secondary inorganic aerosols in North Sea coastal areas. a r t i c l e i n f o 
Introduction
Ship emissions can have considerable impact on atmospheric concentrations of several important pollutants especially in coastal areas (Tsyro and Berge, 1997; Lawrence and Crutzen, 1999; Endresen et al., 2003) . The most important ones are carbon dioxide (CO 2 ), nitrogen oxides (NO x ), sulphur dioxide (SO 2 ), carbon monoxide (CO), hydrocarbons, and primary and secondary particulates because of their role as e.g. greenhouse gas (CO 2 ), their contribution to acid rain (NO x , SO 2 ), and/or their impact on human health (CO, hydrocarbons, particulates) (Lloyd's Register Engineering Services, 1995; Corbett and Fischbeck, 1997; Corbett et al., 1999) . Corbett et al. (2007) have recently shown that ship emissions lead to an increase in ambient air concentrations of fine particles with diameter less than 2.5 mm (PM2.5) and therewith are responsible for an increase of premature deaths due to cardiopulmonary diseases and lung cancer. The future use of low sulphur fuels could enhance air quality and possibly prevent large health impacts due to ship emissions .
The southern North Sea with the large harbours in Rotterdam and Hamburg is one of the regions with the highest ship traffic in the world. This study focuses on the impact of NO x and SO 2 emitted by ships on the pollution distribution in North Sea coastal areas. Their contribution to elevated air concentrations of sulphate, nitrate and ammonium aerosol particles is investigated. To what extent a sulphur emission control area, which is implemented in the North Sea since the end of 2007, also leads to a significant reduction of particle concentrations is subsequently investigated. In previous studies about the impact of ship emissions on air quality in Europe global models with coarse horizontal resolutions were used (Dalsøren et al., 2007; Collins et al., 2009) , which makes it rather difficult to estimate the effects of ship emissions on coastal areas and on the population living there. A coarse grid resolution might additionally raise concerns about non-linear chemical effects, particularly for ozone, as stated in the only study about the effect of ship emissions that was run on a moderate grid resolution of 50 Â 50 km 2 (Jonson et al., 2009 ).
For the estimation of the ship emissions in this study a bottomup approach on the basis of ship movement data together with average engine loads and emission factors available in literature (Cooper and Gustafsson, 2004 ) is used to generate a ship emission inventory that is of sufficient spatial resolution to investigate coastal gradients in aerosol concentrations. This inventory serves as input for the Models-3 Community Multiscale Air Quality modelling system (CMAQ) (Byun and Ching, 1999) , a state-of-the-art Eulerian chemistry transport model.
Methods
A three-dimensional Eulerian chemistry transport model is used to simulate atmospheric transport and transformation of air pollutants in the greater North Sea region. Land and sea based emissions are fed into the model system. The ship emissions are generated by a detailed bottomeup emission module that has been developed for this study. The effect of ship emissions on the concentrations of air pollutants is investigated by two identical model runs for the year 2000, one with and one without ship emissions.
Model system
CMAQ version 4.6 is set up on a 54 Â 54 km 2 grid (81 Â 90 grid cells) for Europe and on an 18 Â 18 km 2 grid (55 Â 58 grid cells) for the greater North Sea area. Thirty vertical layers up to 100 hPa (approx. 15 km altitude) are used. This resolution allows to simulate a complete year in a reasonable time and to investigate the main coastal effects at the same time. The CBM IV chemical mechanism (Gery et al., 1989) with aerosol and aqueous chemistry extensions is used. The aerosol is represented by three log-normal size modes (Binkowski and Roselle, 2003) and it includes secondary inorganic aerosols as sulphate (SO 4 ), ammonium (NH 4 ) and nitrate (NO 3 ), sea salt (NaCl), organic carbon and elemental carbon. The model is driven by meteorological fields that were derived from MM5 (Grell et al., 1995) model runs that were driven by ERA40 6 hourly global reanalysis data on a 1 Â 1 grid. We used four dimensional data assimilation of the ERA40 fields in MM5 and applied the more sophisticated physical parameterization schemes like Reisner 2 (Reisner et al., 1998) for cloud microphysics, Kain Fritsch 2 (Kain, 2004) for cumulus representation and the MRF scheme (Hong and Pan, 1996) for the boundary layer to produce meteorological data that is as close as possible to wind, temperature and humidity observations. The quality of the meteorological data has been tested and the results are described in a separate paper (Matthias et al., 2009) .
The boundary conditions for the CMAQ simulations were taken from MOZART (Horowitz et al., 2003; Niemeier et al., 2006) model results for the year 2000. The data has a resolution of 1 Â 1 and one day. It includes the most important gas phase species (e.g. ozone (O 3 ), carbon monoxide (CO), nitrogen oxides (NO x ), sulphate (SO 4 ), hydroxyl radicals (OH), and nitric acid (HNO 3 )) but no aerosol particles. The concentrations were interpolated to the boundary of the outer CMAQ domain. It is one grid cell thick and is updated hourly.
Land-based emission data for the nitrogen, sulphur and volatile organic compounds as well as for aerosol particles was provided by IER Stuttgart based on EMEP area emissions and EPER point source emissions . The distribution of the data to the CMAQ grids was based on geostatistical data like population density and street maps. The temporal variation of the emissions follows typical activity profiles for the different SNAP sectors. For details how the emissions were generated see e.g. Wickert (2001) , Reis et al. (2004) and references therein. Matthias et al. (2008) have shown that the model is applicable to North Sea coastal regions by comparing model results to measured air concentrations and depositions. It has also been shown that the model system gives reliable results for secondary inorganic aerosol particle concentrations (Matthias, 2008) that are in focus of this paper. The resolution of 18 Â 18 km 2 in the nested grid may still be too coarse to resolve landesea circulation systems and all coastal gradients in air pollutant concentrations but the main differences between land and sea will become visible.
Ship emissions
Several authors have estimated global ship emissions with different approaches in recent years (e.g. Whall et al., 2002; Eyring et al., 2005; Endresen et al., 2007) , however these global datasets are on a grid with rather coarse resolution and they do not reflect the interannual variability of the ship emissions. The assessment of air pollution in coastal regions and their possible effects on the population in these regions requires a more detailed ship emission inventory. We used a bottomeup approach that is based on individual ship movements, information about the ship characteristics and emission factors for NO x , SO 2 and particulate matter (PM). The vessel database was purchased from Lloyds Marine Intelligent Unit (LMIU). It consists of a vessel characteristic database and a vessel movement database and it includes all commercial vessels equal to or greater than 100 gross tonnages (GT). The vessel characteristic database comprises information on e.g. vessel type, engine type, numbers of engines, engine speed at the crankshaft, fuel type, power and maximum speed. The ship movement database provides information on ship movements for the year 2000 in parts of Europe (riparian states of the North and Baltic Sea, Atlantic coast of France, Spain and Portugal). This includes 15 625 ships which perform 651 825 movements on 58 324 different routes. The ship movement database consists of previous departure, arrival, departure and next arrival places and dates with a daily time resolution.
Emission factors (power-based in g/kWh) used in this study are obtained from Cooper and Gustafsson (2004) who compiled these emission factors for Sweden's international reporting duties. The emissions from ships are affected by several characteristics of the ships as well as the fuel used (see Whall et al., 2002 for details). The engine type determines the combustion conditions and therefore the emissions of some pollutants. Similar emission factors were used by Winther (2008) and Jalkanen et al. (2009) .
The procedure how to obtain the ship emission dataset is displayed in Fig. 1 . The vessel movement database provides the basis for calculating the routes of the vessels. It is assumed that all vessels take the shortest routes between two ports at sea. For the required temporal resolution of the ship movements it is assumed that all vessels arrive and depart at 6 a.m. if they travel for more than one day. If they leave the same day they leave the port at 6 p.m. or even earlier if they call another port the same day. The travelling time is distributed equally to all passed grid boxes on their route. The ship emissions per grid box and time step are calculated for the different pollutants by means of the corresponding emission factors and the engine power of the particular vessel.
Figs. 2 and 3 show the land based and the additional ship emissions for NO x and SO 2 in the inner 18 Â 18 km 2 grid for winter (December, January, February (DJF)) and summer (June, July, August (JJA)) 2000. It can be seen that the relative contribution of the ship emissions, particularly for SO 2 , is much larger in summer than in winter because the land-based emissions related to heating are much lower in summer. Land-based sulphur emissions were significantly decreased in the last two decades because wood and coal combustion has decreased, flue gas desulphurization is implemented in large power plants and cars drive with low sulphur gasoline (Vestreng et al., 2007; Forsius et al., 2001 ). On the other hand the sulphur content in bunker oil is still high and the ship traffic in the North Sea area has increased in recent years.
Model runs
The land-based and ship emission datasets serve as input into the Eulerian air quality modelling system CMAQ which computes the concentration of the most important air pollutants and their deposition across Europe. To investigate the contribution of ship emissions to air pollution in coastal areas three different model runs with hourly output for the complete year 2000 were performed with CMAQ, one model run including all land-based emissions and the ship emissions ("incl. ships"), a reference model run just including the land-based emissions ("no ships") and a model run where the sulphur emissions in the North and Baltic Seas were reduced by 45% ("low sulf"). This corresponds to the case that all ships in the SECA use fuels that contain only 1.5% sulphur instead of 2.7%, which is the typical sulphur content of residual oils that are mainly used by large ocean going vessels.
The seasonal impact is considered by comparing three-monthly average concentrations for winter (December, January February) and summer (June, July August). We then investigated the effects of NO x and SO 2 emissions on NO 2 and SO 2 concentrations as well as nitrate, sulphate and ammonium aerosol concentrations in the greater North Sea area.
Results
First the results for the case when ships use standard bunker oil and when the emission factors given by Cooper and Gustafsson (2004) can be applied as they are given is presented. Then the ) for winter (December, January, February, DJF) and summer (June, July, August, JJA) ((a) and (d)), the absolute increase caused by ship emissions ((b) and (e)) and the relative increase caused by ship emissions ((c) and (f)) on the 18 Â 18 km 2 grid of the inner model domain. The x-axis displays the grid points in westeeast direction, the y-axis the grid cells in southenorth direction.
differences that arise from a reduction of 45% in the sulphur content of these fuels are discussed.
Nitrogen dioxide and sulphur dioxide
The results of the CMAQ model runs for NO 2 and SO 2 are displayed in Figs. 4 and 5. Both species show higher concentrations in winter than in summer (left panels in Figs. 4 and 5) . This is mainly caused by the lower mixing heights in winter and therefore the suppressed vertical distribution of the pollutants that are emitted close to ground. For SO 2 , the lower land-based emissions in summer amplify the differences between summer and winter.
Both NO 2 and SO 2 concentrations are significantly enhanced by the ship emissions (middle panels of Figs. 4 and 5) . In the regions of the main ship traffic, NO 2 concentrations are typically increased by 8e10 mg m À3 , while the increase in SO 2 concentrations is about 3e5 mg m À3 . The concentrations over water may be increased by 50e100% in winter and by more than 500% in summer. In some regions (e.g. in the north of Denmark (Skagerrak and Kattegat), west of South Norway and in the English Channel) values might be even higher. However, these large effects are limited to the open sea where NO 2 and SO 2 concentrations would be low without ship traffic and only small coastal areas reveal heavily increased pollution by NO 2 and SO 2 .
Nitrate aerosol
Nitrate aerosol concentrations are significantly higher in winter than in summer (see Fig. 6 ). Again this is partly caused by less efficient vertical mixing in winter but ambient temperatures are another important factor that determines the nitrate aerosol concentrations. Nitrate aerosol is in thermodynamic equilibrium with gaseous nitric acid. At low temperatures particulate nitrate dominates while at higher temperatures the equilibrium is shifted towards nitric acid. Particulate nitrate exists as ammonium nitrate aerosols (NH 4 NO 3 ). These can only be formed if gaseous ammonia (NH 3 ) is available, and this largely depends on the sulphate concentrations. Atmospheric ammonia is first used to neutralize sulphate and form ammonium sulphate aerosol ((NH 4 ) 2 SO 4 ). Particulate nitrate can only exist if excess ammonia would be available.
Additional nitrate due to NO x ship emissions is mainly formed over land and there is more additional nitrate in summer than in winter. Since the aerosol formation needs free ammonia, this only happens over land where ammonia is emitted and the concentrations are high enough. The amount of nitrate caused by NO x emissions from ships is lower in winter because oxidation of NO 2 into HNO 3 is much slower in winter compared to summer. This leads to almost unchanged nitrate concentration in winter but in summer nitrate aerosol concentrations might be increased by more than 50% all over Denmark, large parts of northern Germany, the Netherlands, Belgium and France (right side of Fig. 6 ).
Sulphate aerosol
The concentration differences between summer and winter are less pronounced for sulphate aerosol particles (Fig. 7) . Generally the levels are comparable with somewhat higher aerosol concentrations in summer. As for NO 2 , SO 2 is oxidized more efficiently in summer leading to higher sulphate concentrations in summer. In contrast to nitrate, sulphate aerosol can also be built in regions where no gaseous ammonia exists. This is because in presence of sulphate ammonium nitrate aerosol particles may break up and ) for winter (December, January, February, DJF) and summer (June, July, August, JJA) ((a) and (d)), the absolute increase caused by ship emissions ((b) and (e)) and the relative increase caused by ship emissions ((c) and (f)) on the 18 Â 18 km 2 grid of the inner model domain. The x-axis displays the grid points in westeeast direction, the y-axis the grid cells in southenorth direction. gaseous nitric acid and ammonium sulphate are formed (Ansari and Pandis, 1998) . Ship emissions contribute much more to the total SO 2 emissions in the modelling domain in summer, therefore the increase in sulphate aerosol concentrations in summer is significantly larger than in winter. In winter sulphate aerosol concentrations might be enhanced by about 10% in Denmark, south Sweden and south Norway but in summer these areas suffer from more than 50% enhanced sulphate aerosol concentration which are, in contrast to nitrate, already on a high level during this season. The German North Sea coastline is affected in a similar way. Unlike nitrate, sulphate aerosols are also formed over water and particularly the English Channel shows a large increase in sulphate aerosols caused by SO 2 emissions from ships.
Ammonium aerosol
Ammonium aerosol particles exist in close connection with sulphate and nitrate aerosols. Like in most other chemistry transport model systems, in CMAQ ammonium sulphate aerosol is formed as long as ammonia is present and until all available sulphate is consumed to form particles. If there is still ammonia left, i.e. the molar ratio of ammonia to sulphate is larger than 2, additional ammonium nitrate is formed.
The high ammonium concentrations in winter are in accordance with the higher nitrate values in winter and in summer ammonium is lower because of the higher temperatures that prevent the formation of nitrate. Similar to sulphate and nitrate the largest increase in ammonium concentrations due to ship emissions is modelled for summer and mainly Denmark and northern Germany are affected (Fig. 8) . Here, the ammonium concentrations are increased by about 50%.
Annual cycle
Monthly-averaged values of the NO x and SO 2 emissions in the entire inner domain, both with and without ship emissions, are displayed in Fig. 9(a) . While the NO x emissions are more or less constant over the year, SO 2 emissions are slightly lower in summer compared to winter. The reason for the differences is that coal and wood burning in households is much lower in summer. For SO 2 the domain averaged emissions are increased by 19% in winter and 30% in summer due to ships, for NO x the values range between 18% in winter and 22% in summer.
As already seen in the previous paragraphs, this has almost no effect on the aerosol concentrations in winter (Fig. 9(b) ), the domain averaged increase of the aerosol mass is around 5% only. In summer, on the other hand the domain averaged aerosol concentrations are at maximum 22% (for ammonium in July), 27% (for nitrate in July) and 29% (for sulphate in July) higher than in the reference case. As seen in Sections 3.2e3.4 the aerosol concentrations may be increased by more than 50% in regions 100e200 km downwind the coast.
Comparison to observations
The model results have been compared to observations performed within the EMEP programme (Co-operative programme for monitoring and evaluation of the long range transmissions of air pollutants in Europe). Eight stations in the central and eastern part of the domain have been chosen for a comparison of seasonal averages of the gaseous SO 2 and NO 2 and particulate SO 4 and NO 3 concentrations. Not all species were available at all stations. Nitrate for example was only observed at 3 stations. Details of the location and the observed quantities at the stations are given in Table 1 . Observed concentrations (blue) are compared to the model run with ship emissions (orange) and without ship emissions (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) oxidation of the gaseous precursors SO 2 and NO 2 is not sufficiently fast or efficient in the model. This could mean that the effect of ship emissions on aerosol concentrations far from the main shipping routes could be even more pronounced than shown here.
Effect of a sulphur emission control area in the North Sea
Since 22 November 2007 ships travelling in the North Sea east of 4 W (east of 5 W in the region of the English channel) and south of 62 N are not allowed to use fuels with a sulphur content of more than 1.5% of the mass. Such a SECA was already implemented in the Baltic Sea in May 2006 (IMO, 2008 . Typical sulphur contents in the most used residual oils are about 2.7%. This means that the new SECA results in a reduction of the sulphur emissions by ships in this area by about 45%.
This has been taken into account in a third model run that has been performed for the year 2000. Ship-based sulphur emissions in the North and the Baltic Seas were reduced by 45% in both the 54 Â 54 km 2 grid run and the nested run on the 18 Â 18 km 2 grid that covers the North Sea and its coastlines. The relative increase of nitrate, sulphate and ammonium aerosol particles in January and July are shown in Fig. 11 . The results should be compared to the right columns of Figs. 6e8. The effects on the aerosol concentration in winter are further reduced or remain more or less unchanged. As intended, the sulphate concentrations are significantly reduced, a reduction is also visible for ammonium. Nitrate is only slightly increased, although one might have expected from the interplay between sulphate, nitrate and ammonium that significantly more nitrate can be formed if sulphate is reduced (see e.g. Lauer et al., 2009 ). The 45% decrease in ship-based sulphur emissions leads to a reduction of the additional atmospheric SO 2 from ships by 42%, averaged over the whole year and the entire inner model domain.
At the same time, additional sulphate aerosols decrease by 38% and additional ammonium aerosols by 20%. Nitrate aerosols were 7% higher compared to the standard run with sulphur rich ship fuels.
Conclusions
Ship emissions account for a large part of the secondary inorganic aerosol formation in North Sea coastal areas. In northern Germany, Denmark and southern Sweden the sulphate aerosol concentration might be increased by 50% or more caused by the burning of sulphur rich bunker oil in ship engines. Increased nitrate and ammonium aerosol concentrations by more than 50% in summer affect mainly Denmark and northern Germany. The largest increase in the ammonium and nitrate concentrations are seen over land, where gaseous ammonia is emitted which favours the formation of ammonium nitrate aerosol. NO 2 and SO 2 concentrations are mainly increased along the shipping routes at sea and directly at the coastline while the relative influence of the ship emissions on the NO 2 and SO 2 concentration levels at land is rather low. These distinctions between air pollution over land, that is dominated by aerosols and over sea, that is dominated by direct gaseous emissions from ships are visible thanks to the high spatial resolution of the model runs. Comparisons of the model results to observations suggest that the NO 2 and SO 2 concentration are overestimated in the model while particulate NO 3 and SO 4 concentration are underestimated. This could mean that air pollution by secondary aerosols from ship emissions might be even more important than shown here. According to our model results, the introduction of sulphur emission control areas in the Baltic Sea in 2006 and the North Sea in 2007 will lead to significantly reduced SO 2 and sulphate aerosol concentrations in the greater North Sea area. Also ammonium aerosol particle mass will decrease by about 20% while nitrate aerosol mass on the other hand will increase. This is related to the fact that more nitrate can be formed if sulphate is reduced and ammonia is still available to form ammonium nitrate. However, the effect is relatively small with an increase of the nitrate concentrations by 7%, averaged over the year and the whole inner model domain. This means that the implementation of a sulphur emission control area in the North Sea effectively reduces aerosol concentrations and that the reduction in sulphate aerosol mass is not counterbalanced by increased nitrate aerosol. Nevertheless, ship emissions contribute to a large extent, particularly in summer, to air pollution in coastal areas. It can be expected that the secondary aerosol formation over the North Sea will have additional adverse effects on the eutrophication of North Sea coastal waters and ecosystems at the eastern border of the North Sea. Besides a further reduction of sulphur emissions from ships that is already foreseen in the newest IMO regulations, emission control measures to reduce NO x emissions from ships will certainly be needed to further reduce particle formation in coastal areas and the input of nitrogen and sulphur into sensitive ecosystems like the Wadden Sea.
